To fill the knowledge of adsorption characteristics of CH 4 and CO 2 associated with equilibrium and thermodynamics, adsorption equilibrium tests of pure gas on a coal were conducted under the different temperatures (35 °C, 50 °C, and 65 °C by the static volumetric method. The equilibrium data were well matched by the SLD-PR model. The influence of some significant factors including temperature, pressure, adsorption potential and surface free energy on gas adsorption capacity were discussed. The results showed that the higher temperature (gas pressure) corresponds to the smaller (larger) adsorption capacity and the larger adsorption potential is, the smaller adsorption capacity is. Taking CH 4 as adsorbent, the modified Langmuir equation can well match the SLD-PR model. However, when the adsorption medium is CO 2 , modified Freundlich equation is better. Using the two modified equations, we study further the relationship among the variation of surface free energy, its reduction rate and gas adsorption capacity. It can be concluded the larger the gas adsorption capacity is, the greater the reduction of surface free energy is, and the smaller the reduction rate of surface free energy is. CO 2 . Based on the analysis of roles of temperature, pressure, adsorption potential and surface free energy on gas adsorption capacity, the main conclusions can be drawn. y The higher temperature corresponds to the smaller excess adsorption quantity of gas, while the larger gas pressure corresponds to the larger excess adsorption quantity. y The larger the gas adsorption capacity is, the adsorption potential and the reduction of surface free energy are, and the smaller the reduction rate of surface free energy is.
Introduction
Advances in the understanding of coal-gas adsorption characteristics have changed the manner in which we enhance coalbed methane (ECBM) recovery through other gas injection into the coalbed, e. g. pure/a mixture of CO 2 and N 2 [1] [2] [3] . They are different ECBM mechanisms between with CO 2 and N 2 as injectants. When CO 2 is injected, CH 4 is displaced from coal because of the stronger adsorption of CO 2 . While N 2 as injectant, CH 4 is desorbed from coal due to the reduction of the partial pressure of CH 4 in the cleat system [4, 5] . An accurate understanding of the pure gas adsorption/desorption characteristics in a specific coal is essential for the design of CBM recovery [6] . Crushed coal in experiments is generally used to measure the adsorption/ desorption of pure gas because of remarkable reduction of the experimental time [7, 8] .
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THERMAL SCIENCE: Year 2019, Vol. 23, Suppl. 3, pp. S747-S755 Some parameters of coal particle size, coal rank, moisture, temperature and shrinkage/ swelling that play important role in the adsorption/desorption of gases on/from coal have been analyzed through experimental observation [8, 9] . However, the influence of thermal effect on gas ad/desorption has not been well understood. Crosdale et al., [10] thought that temperature had insignificant effect on storage capacity of low rank coals through the thermal experiment. While some studies have shown that adsorption capacity decreases significantly with increasing temperature for the high rank coals [11] . Zhou et al. [12] found that when the temperature was increased by 1 °C, the adsorption capacity could be reduced about 8%. Obviously, Langmuir gas sorption models cannot well match these observation results, because it predicts that the sorption capacity is independent of temperature [6, 13] . Even though the Langmuir pressure, p L , it was found that the Langmuir pressure, p L , decrease with increasing temperature and vary as a function of rank [10, 14, 15] .
In this work, the motivation for this study is several-fold to fill the knowledge of adsorption characteristics of equilibrium and thermodynamics. First, the adsorption equilibrium isotherms for pure CH 4 and CO 2 on the coal at 35 °C, 50 °C, and 65 °C were acquired by static volumetric method. Second, adsorption affinities of CH 4 and CO 2 on different coals and temperatures were analyzed based on SLD-Peng-Robinson (SLD-PR) model. Third, adsorption behavior of pure CH 4 and CO 2 was explained based on adsorption potential and surface free energy.
Adsorption equilibrium
Many adsorption models have been performed based on the different theoretical foundation, mainly including the Mechanisms of monolayer surface adsorption, multilayer surface adsorption and pore filling [6, 15] . In this work, the simplied local-density (SLD) adsorption model based on pore filling mechanism is utilized to describe the adsorption behavior of pure gases on a coal. The model envisions that: the chemical potential at any point near the adsorbent surface is equal to the bulk-phase chemical potential and the chemical potential at any point above the surface is the sum of the fluid-fluid and fluid-solid interactions [16] , as illustrated in fig. 1 . In other word, the SLD model is used to account for the fluid-fluid and fluid-solid interactions in a slitshaped pore. For a slit of width, L, the equilibrium chemical potential of the fluid, μ, is calculated by contributions from these fluid-fluid and fluid-solid interactions at a position, z [16] :
where subscripts ff and fs denote the fluid-fluid and fluid-solid interactions, respectively. The subscript bulk refers to the bulk-fluid, whose chemical potential can be expressed in terms of fugacity [17] :
where subscript 0 designates an arbitrary reference state and f refers to fugacity. 
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The chemical potentials from fluid-fluid and fluid-solid interactions are respectively given [18] :
where f ff (z) is fluid fugacity at a position z , N a -the Avogadro's number, and Ψ fs (z) and Ψ fs (L− z) are the fluid-solid interactions for the two surfaces of a slit of length L. Substituting eqs.
(2)-(4) into eq. (1), we can obtain the equilibrium relationship for adsorption within the slit:
where k is the Boltzmann's constant, and the fluid-solid interactioncan Ψ fs (z) be represented by Lee 
where ε fs is the fluid-solid interaction energy parameter, ρ atoms -the solid atom density, σ fs and σ ss are the fluid-solid molecular diameter and the carbon interplanar distances, respectively. Their relation can be defined:
where σ ff is the molecular diameter.
In terms of bulk fluid density and fugacity, the Peng-Robinson equations of state (PR-EOS) are used to provide [19] .
where p is the gas pressure within the systerm, and a(T) and b are the energy and co-volume parameters of the adsorbed gas phase, respectively, which can be described:
where T c and p c are the critical gas temperature and pressure, respectively. The term, can be expressed as [20] : where A, B, C, D, and E are correlation parameters.
For the adsorbing fluid, the fugacity for fluid-fluid interactions is:
where a ads (z) depends on the ratio of slit length, L, to the molecular σ ff . The excess adsorption can be expressed as [16] :
where A s is the surface area per unit mass of adsorbent.
Materials and experimental procedure
One typical coal obtained from Anhui province was used in this study. The coal sample was preserved in sealed plastic bags with helium preventing oxidation. The experimental sample was pulverized into particles with diameter between 180 μm and 250 μm. Because moisture can have a great effect on adsorption, all samples are dried in a vacuum oven at 80 °C for over 36 hours to remove the moisture before adsorption [21] . Adsorption equilibrium isotherms of CH 4 and CO 2 were performed at different temperatures of 35 °C, 50 °C, and 65 °C using a static volumetric instrument, as shown in [22] .
Results and discussion

Adsorption equilibrium isotherms
Equilibrium isotherm data of pure CH 4 and CO 2 at 35 °C, 50 °C, and 65 °C on coal were well matched using SLD model, as shown in figs. 3(a) and 3(b). The parameters of SLD model for adsorption of CH 4 and CO 2 can be found in tab. 1. As can been seen from figs. 2(a) and 2(b), the higher temperature corresponds to the smaller adsorption quantity, while the larger gas pressure corresponds to the larger adsorption quantity. It is because the increase of temperature and the decrease of gas pressure will cause more thermal energy or lower constraint force for adsorbate, resulting in many gas molecules slit-shaped pore escaping the adsorbent surface [23] . For example, the highest excess adsorption quantity of CH 4 and CO 2 occurs at 35 °C among experimental temperatures at the same gas pressure level. When the gas pressures are 6.294 MP and 4.333 MP, respectively, corresponding to the highest excess adsorption quantity of CH 4 and CO 2 are 1.812 mmol/g and 2.169 mmol/g, respectively. 
Figure 2. Experimental data and SLD fitting results under different temperatures
Adsorption potential
The concept of adsorption potential reflects the variation of Gibbs free energy under the adsorption of 1 mol mass. It can be described as [24] : shows the comparison of adsorption potential and adsorption quantity for CH 4 and CO 2 under different temperatures. There is the same law of changes of adsorption potential and adsorption quantity in these three pictures. It can be concluded from every picture that: -the adsorption potential decreases with the increase of gas pressure; that is, the greater the adsorption potential is, the smaller adsorption capacity of the gas is and -the adsorption potential and adsorption quantity for CO 2 are all larger than CH 4 under the same conditions of adsorption pressure and temperature. Thus, the greater the adsorption potential for one gas is, the stronger adsorption capacity of the gas is. 
Surface free energy
According to surface chemistry theory, Surface tension reduction induced by gas adsorption in coal can be described as [24] :
where σ is the surface tension, [Jm -2 ] .
In order to get the integral result of eq. (16), we take a modified Langmuir or Freundlich equation match the results based on SLD models at different temperatures. The modified Langmuir or Freundlich equation can be expressed: where a 1 , b 1 , and c 1 are fitting constants. As shown in tab. 2, we found that the modified Langmuir equation can well match the curves of SLD model when adsorption medium is CH 4 . However, when the adsorption medium is CO 2 , the modified Freundlich equation is better. The variations of surface free energy of coals, Δγ, due to gas adsorption based on the two modified fitting equations can be derived, respectively:
Further, the changes of surface free energy, Δγ p , at a given pressure can be obtained, respectively:
As we know, any object tends to decrease its surface free energy for a more stable state. The surface free energy of coals will decrease with gas adsorption, which reflects gas adsorption capacity. That is, the greater the reduction of surface free energy is, the larger the gas adsorption capacity is. Figure 4 illustrates the variation of surface free energy, Δγ, and its reduction rate, Δγ p , at a given pressure under different temperatures. It can be seen from fig. 4(a) that the variation of surface free energy, Δγ, increases with the increase of gas pressure under the same temperature, decreases with the increase of temperature under the same gas pressure. The variation of surface free energy, Δγ, for CH 4 is smaller than CO 2 under the same gas pressure and temperature. Compared with the variation of surface free energy, ∆γ, in fig. 4(a) , the reduction rate of surface free energy, Δγ p , exhibits an inverse relationship as shown in fig. 4(b) . That is, the reduction rate of surface free energy, Δγ p , decreases with the increase of gas pressure under the same temperature. However, the reduction rate of surface free energy, Δγ p , decreases also with the increase of temperature under the same gas pressure. 
Conclusion
In this study, adsorption equilibrium isotherms of CH 4 and CO 2 on the same coal under different pressures and temperatures were analyzed based on SLD-PR model. The adsorption equilibrium curves of the same coal are different because of adsorbents. When the adsorbent is CH 4 , the SLD adsorption model can be well represented by the modified Langmuir equation. However, it is well matched by the modified Freundlich equation as the adsorbent is
